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Observational Predictions 
 Gas-phase CH3OH can be significantly enhanced 
through the liberation off of grains"
 The recent dynamic history of a source  
(e.g. recently shocked) may have an impact  
on the present shock-chemistry"
  1st shock  Liberation of complex species  
from ice"
  2nd shock  Destruction of complex  
gas-phase species and core erosion"
 Post-shock gas-phase chemistry may provide an 
astronomical “chemical clock,” due to high T & n"
  HNCO enhancement in O2-rich post-shock gas"
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(Burkhardt et al. 2016) 
Shock Model Goals 
 To accurately test predictions, model will incorporate:"
  NAUTILUS gas-grain chemical network code"
  High temperature chemical network, 
original version from Harada et al. 2010"
  Physical conditions of shocks"
  Time evolution of physical environment throughout shock"
  Sputtering processes"
  Dust heating in low-velocity shocks"
 Once developed, can apply to various environments 
where shocks may be prevalent/significant"
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Why L1157? 
 Prototypical “chemically 
-active” shocked outflow"
 Prior to shock, surrounding  
material is believed to be  
cold, quiescent, and have  
pristine chemically-rich ice  
mantles"
 Much simpler to model  
than other regions with a more complex 
physical history (Sgr B2, Orion KL, etc.)"
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NAUTILUS 
 Fast 1D chemical network code solves sets of ODEʼs to 
compute abundances of species both in the gas-phase 
and grain-surface as a function of time (Hersant et al. 2009)"
 Adapted from the original gas-grain model Hasegawa & 
Herbst (1993)"
 Flexibility allows for incorporation of various changing 
physical parameters across time"
 Model Outline:"
  Phase 1: Run standard dark cloud conditions to build up 
chemical complexity on ice (10 K, 5x104 cm-3)"
  Phase 2: Introduce shock(s) and allow propagation for 104 yr"
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High Temperature Network 
 To accurately describe the post-shock region, model 
requires reaction rates be accurate to T ~1000 K"
 Adopt high temperature  
network originally  
developed by Harada et al. 
(2010), with contributions  
by Furuya, Acharyya,  
Hincelin, & others"
 Contains ~8000 gas-phase  
& 2000 grain reactions and  
surface parameters for  
~250 species"
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Describing Shocks - Evolution 
 Parametric Treatment by Jiménez-Serra et al. (2008)"
  Parametric treatment allows for approximation of structure 
over chemically-relevant timescales"
  Input: vs, T0, n0"
  Density and Av scale appropriately 
with standard jump conditions"
  Approximate neutral temperature  
as Planck-like function"
Andrew Burkhardt ISMS 2016 
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Table 3. Input parameters for the C-shock profiles shown in Figs. 1 and 2.
vs n(H2) B0 χe zn zi zT z0 aT ∆ Tn,max
(km s−1) (cm−3) (mG) (cm) (cm) (cm) (cm) (K1/6 cm−1) (cm) (K)
40 104 0.14 7 × 10−8 7.0 × 1015 1.0 × 1015 1.8 × 1015 8.0 × 1015 9.0 × 10−16 5 × 1016 2000
35 108 14 7 × 10−10 6.0 × 1013 2.0 × 1013 1.3 × 1013 0.0 1.3 × 10−13 2 × 1014 1700
Table 4. Input parameters for a sample of C-shocks.
vs va0 n(H2) B0b χbe zn zi zTc aTc ∆d Tn,maxe(km s−1) (km s−1) (cm−3) (µG) (cm) (cm) (cm) (K1/6 cm−1) (pc) (K)
20 3.8 104 140 7 × 10−8 1.4 × 1016 3.2 × 1015 5.0 × 1015 2.9 × 10−16 0.024 900
40 4.7 104 140 7 × 10−8 2.8 × 1016 6.2 × 1015 1.1 × 1016 1.5 × 10−16 0.048 2200
10 3.1 105 450 2 × 10−8 7.7 × 1014 1.7 × 1014 2.0 × 1014 5.8 × 10−15 0.0012 300
20 3.8 105 450 2 × 10−8 1.4 × 1015 3.2 × 1014 5.0 × 1014 2.8 × 10−15 0.0024 800
30 4.3 105 450 2 × 10−8 2.1 × 1015 4.7 × 1014 8.0 × 1014 2.0 × 10−15 0.0036 2000
40 4.7 105 450 2 × 10−8 2.8 × 1015 6.2 × 1014 1.1 × 1015 1.6 × 10−15 0.0048 4000
20 3.8 106 1400 7 × 10−9 1.4 × 1014 3.2 × 1013 5.0 × 1013 2.8 × 10−14 2.4 × 10−4 800
40 4.7 106 1400 7 × 10−9 2.8 × 1014 6.2 × 1013 1.1 × 1014 1.6 × 10−14 4.8 × 10−4 4000
a Calculated with Eq. (A.4) (see Appendix A) and assuming vA = 2.18 km s−1. b Estimated using Eqs. (62) and (63) of Draine et al. (1983).
c Calculated considering that bT = 6 and z0 = 0 cm. d Derived as in Dopita & Sutherland (2003) and assuming that n0,i/nH ∼10−6. e Taken from
Figs. 8b and 9b of Draine et al. (1983) for n0 = 104 cm−3, and n0 = 105, and 106 cm−3 respectively.
Fig. 3. C-shock physical structure obtained with Eqs. (1), (3), and (4)
for vs = 40 km s−1, n0 = 105 cm−3, and T0 = 10 K. Velocities are in the
frame co-moving with the preshock gas. The magnetic precursor length
is of ∆z∼0.0005–0.001 pc = 1.5–3.0 × 1015 cm.
the magnetic precursor length, which is ∆z∼0.0005–0.001 pc
∼1.5–3.0 × 1015 cm (Fig. 3). While the maximum value of the
temperature of the ions is correlated with the maximum value of
vd (see Fig. 3), the neutrals show their maximum temperature at
vn ∼ 0.85 vs (derived by assuming H2O cooling and αc = 1.5 in
Eq. (18) of Smith & Brand 1990), which is consistent with the
results of Kaufman & Neufeld (1996, see Fig. 2).
From the recent results of time-dependent shock modelling,
one may consider that our assumption of steadiness for the
C-shock could not be valid enough to describe the time evolu-
tion of the sputtering of grains. These models indeed show that a
J-type component is a natural feature in the far downstream gas
of the C-shock (near the piston) for timescales of ≤103–104 yr,
for which the steady state is finally attained (Chièze et al. 1998;
Lesaffre et al. 2004). However, as shown in Sect. 4.2, the evo-
lutionary stages relevant to the main injection of the material
contained in the icy mantles and in the grain cores are those of
the magnetic precursor that, independent of the age of the shock,
can be described by the steady state profile of C-shocks (Chièze
et al. 1998; Lesaffre et al. 2004).
4.2. Sputtered silicon abundances: injection and saturation
times.
We now include the evolutionary profiles of vn, vi, Tn, Ti, and
nn from Sect. 4.1 in the sputtering equations of the Appendix B
to calculate the silicon abundances ejected from the mantles and
from the cores. Figure 4 shows the silicon abundances ejected
from grains as a function of the flow time for several H2 gas
densities and shock velocities. The abundances of sputtered sil-
icon hardly change with the initial density of the gas, which
clearly agrees with the results of Caselli et al. (1997). However,
as expected from the strong dependence of the sputtering rate on
the maximum value of vd (see Eq. (B.1) and Pineau des Forêts
et al. 1997), the silicon abundance is drastically enhanced by
increasing shock velocities. From Fig. 4, we also note that the
timescales are progressively reduced by nearly a factor of 10 as
we increase the H2 density from 104 to 105 and 106 cm−3. This
is consistent with the flow time, t, being inversely proportional
to the density (the cooling timescales roughly vary as n−1i , where
ni is proportional to the density; see Chièze et al. 1998; Lesaffre
et al. 2004).
In Fig. 5, we show the products of the sputtering of the man-
tles and of the cores for an initial density of 105 cm−3 and for
shock velocities of 10, 20, 30 and 40 km s−1. The sputtering of
the grain mantles by collisions with H2 and He (bold lines in
Fig. 5) corresponds exactly to what was previously calculated
by Caselli et al. (1997). Although the fractional abundance of
the heavy species is orders of magnitude smaller than that of H2
and He (see Sect. 3.1), it is clear that the heavy atoms and CO
sputter the mantles much more efficiently than H2 or He for low
shock velocities (Fig. 5).
The high efficiency of these heavy species as sputtering
agents is also shown by the injection, tinj, and saturation times,
tsat, of Table 5. We define tinj as the time for which the gas
phase silicon abundance, relative to H2, exceeds 10−20 (i.e. the
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of SiO from the cores cannot reproduce the lower SiO abun-
dances of ∼10−11 found in the narrow precursor component of
L1448-mm.
Calculations of the sputtering yield of silicon by heavy atoms
like C, O, Si, and Fe on SiO2 and olivine (MgFeSiO4) cores show
that, despite the low relative abundances of these species with re-
spect to H2 and He in dark clouds, these heavy particles can dom-
inate the sputtering of grains at low shock velocities (Field et al.
1997; May et al. 2000). Furthermore, abundant molecules like
CO could also play an important role in the sputtering of dust
grains, since these species can sputter like atoms of equivalent
mass for low impact velocities (May et al. 2000). Considering
that silicon could be a minor constituent of the mantles, their
sputtering by these heavy species in low-velocity shocks could
efficiently erode them, generating the SiO abundances observed
for the narrow SiO line emission in L1448-mm. Up to now, the
evolution of the sputtering of grains has not been studied in de-
tail. The questions of which species are the most efficient sput-
tering agents and which timescales are needed to eject most of
the silicon material from grains still remain uncertain.
In this paper, we present a parametric model of C-shocks to
describe in detail the time dependent evolution of the molecu-
lar abundances sputtered from grains in low and high-velocity
shocks. This approximation constitutes a powerful tool for inter-
preting the molecular abundances measured in young molecular
outflows. In addition to H2 and He, heavy atoms and molecules
have been also considered as sputtering agents. In Sect. 2, we
present the approximations used to describe the steady state pro-
file of the physical structure of C-shocks. In Sect. 3, we show
the procedure for determining the sputtering of the grain man-
tles and the grain cores. In Sect. 4, we present the results of the
sputtering of silicon from grains for several initial gas densities
and shock velocities. In Sects. 5 and 6, we compare the sputtered
SiO, CH3OH, and H2O abundances with those measured in the
L1448-mm outflow. The conclusions are finally summarised in
Sect. 7.
2. The C-shock structure in the preshock frame
We consider a plane-parallel C-shock that propagates through
the quiescent gas with velocity vs. As a first approximation, we
have assumed steady state profiles for the evolution of the phys-
ical parameters in the shock. The validity of this approximation,
versus more recent time-dependent modelling of the physical
structure of C-shocks, will be discussed in detail in Sect. 4.1.
The initial H2 density and temperature of the ambient cloud
are n0 and T0, respectively. Since one of the aims of this work
is to directly compare our results with observations toward the
young L1448-mm outflow, it is convenient to consider that the
velocities of the ion and neutral fluids, vi and vn, are in the frame
co-moving with the preshock gas. These velocities are approxi-
mated by
vn,i = (vs − v0) − (vs − v0)
cosh
[(z − z0)/zn,i] (1)
where z is the spatial coordinate and the zn/zi ratio governs the
strength of the velocity decoupling between the ion and neutral
fluids. The variable z0 corresponds to the distance at which these
fluids start to decouple (see Sect. 4.1 for details on how to es-
timate these parameters). An additional velocity, v0, also needs
to be considered in the equations for vn and vi to avoid infinite
compression of the far downstream gas (see Eq. (3) below). The
variable v0 depends on the shock parameters and is defined as
the final downstream velocity of the ion and neutral fluids in the
shock frame (in the preshock frame, this final velocity would be
vs − v0; see Sect. 4.1). As shown in Appendix A, this velocity
is tightly linked to the shock and Alfvén velocities, vs and vA,
through shock jump conditions.
The ion-neutral drift speed vd is vd = |vn − vi|, and the neutral
fluid flow time is calculated as (see Eqs. (A.7) and (B.10))
t =
∫ dz
vs − vn · (2)
From the principle of mass conservation, the neutral density, nn,
is given by
nn =
n0vs
vs − vn · (3)
The temperature of the neutral fluid, Tn, is approximated by a
Planck-like function as
Tn = T0 +
[aT (z − z0)]bT
exp [(z − z0)/zT] − 1 (4)
where bT is an integer, and aT and zT are related to the maximum
value of Tn (Tn,max) and the distance zn,max at which Tn r aches
its maximum value. The temperature of the ion fl id is calculated
by using Ti = Tn +
(
m v2d
3 k
)
.
The comparison of the model predictio s wi h observations
(Sects. 5 and 6) requires consideratio of th radi l v locity of
the preshock gas (ambient cloud gas) relative to t e observ r, vcl.
This velocity, the radial velocity of the emission measured by the
observer, vLSR, and the velocity of the neutral fluid as measured
in the frame of the ambient medium, vn, are related by
vLSR = vcl + vn. (5)
In Appendix A, we also give the equations for vn, vi, and nn
within the frame of the shock (see Eqs. (A.1) and (A.5)) that will
be used in Sect. 4.1 to validate this parametric approximation.
3. Sputtering of grains
In this section, we describe the sputtering of grains produced by
collisions with H2 and He and other heavy atomic and molecular
species such as C, O, Si, Fe, and CO (see Appendix B for the
full explanation of the method). Although we consider that most
silicon is locked into the olivine grain cores, we assume that a
small fraction of this element is also present within the icy water
mantles (qm = 1.4×10−4; see below). The molecule CH3OH has
been also considered as another constituent of the icy mantles.
3.1. Sputtering of the grain mantles
To study the sputtering of the grain mantles, we followed the
procedure described by Caselli et al. (1997). The sputtering
rate per unit volume and grain (Eq. (B.1) in Appendix B) has
been derived by averaging the sputtering yield at low energies
(Eq. (B.2)) over a velocity-shifted Maxwellian distribution char-
acterised by Tn and vd. The surface binding energy U0 of the
water mantles is 0.53 eV (Tielens et al. 1994). The projectile
masses mp are 2, 4, 12, 16, 28, 56, and 28 amu for H2, He, C,
O, Si, Fe, and CO, respectively. The target mass Mt is consid-
ered to be 18 amu, which corresponds to the molecular mass
of H2O. The initial fractional abundances of He, C, O, Si, Fe,
and CO, relative to atomic hydrogen, are shown in Table 1. We
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of SiO from the cores cannot reproduce the lower SiO abun-
dances of ∼10−11 found in the narrow precursor component of
L1448-mm.
Calculations of the sputtering yield of silicon by heavy atoms
like C, O, Si, and Fe on SiO2 and olivine (MgFeSiO4) cores show
that, despite the low relative abundances of these species with re-
spect to H2 and He in dark clouds, these heavy particles can dom-
inate the sputtering of grains at low shock velocities (Field et al.
1997; May et al. 2000). Furthermore, abundant molecules like
CO could also play an important role in the sputtering of dust
grains, since these species can sputter like atoms of equivalent
mass for low impact velocities (May et al. 2000). Considering
that silicon could be a minor constituent of the mantles, their
sputtering by these heavy species in low-velocity shocks could
efficiently erode them, generating the SiO abundances observed
for the narrow SiO line emission in L1448-mm. Up to now, the
evolution of the sputtering of grains has not been studied in de-
tail. The questions of which species are the most efficient sput-
tering agents and which timescales are needed to eject most of
the silicon material from grains still remain uncertain.
In this paper, we present a parametric model of C-shocks to
describe in detail the time dependent evolution of the molecu-
lar abundances sputtered from grains in low and high-velocity
shocks. This approximation constitutes a powerful tool for inter-
preting the molecular abundances measured in young molecular
outflows. In addition to H2 and He, heavy atoms and molecules
have been also considered as sputtering agents. In Sect. 2, we
present the approximations used to describe the steady state pro-
file of the physical structure of C-shocks. In Sect. 3, we show
the procedure for determining the sputtering of the grain man-
tles and the grain cores. In Sect. 4, we present the results of the
sputtering of silicon from grains for several initial gas densities
and shock velocities. In Sects. 5 and 6, we compare the sputtered
SiO, CH3OH, and H2O abundances with those measured in the
L1448-mm outflow. The conclusions are finally summarised in
Sect. 7.
2. The C-shock structure in the preshock frame
We consider a plane-parallel C-shock that propagates through
the quiescent gas with velocity vs. As a first approximation, we
have assumed steady state profiles for the evolution of the phys-
ical parameters in the shock. The validity of this approximation,
versus m re e ent time-depend nt modelling of the physical
structure of C-shocks, will be discussed in detail in Sect. 4.1.
The initial H2 density and temperature of the ambient cloud
are n0 and T0, respectively. Since one of the aims of this work
is to directly comp re our results with observ tions toward the
young L1448-mm outflow, it is convenient to consider that the
velocities of the ion and n utral fluids, vi and vn, are in the frame
co-moving with the preshock gas. These velocities are approxi-
mated by
vn,i = (vs − v0) − (vs − v0)
cosh
[(z − z0)/zn,i] (1)
where z is the spatial coordinate and the zn/zi ratio governs the
strength of the velocity decoupling between the ion and neutral
fluids. The variable z0 corresponds to the distance at which these
fluids start to decouple (see Sect. 4.1 for details on how to es-
timate these parameters). An additional velocity, v0, also needs
to be considered in the equations for vn and vi to avoid infinite
compression of the far downstream gas (see Eq. (3) below). The
variable v0 depends on the shock parameters and is defined as
the final downstream velocity of the ion and neutral fluids in the
shock frame (in the preshock frame, this final velocity would be
vs − v0; see Sect. 4.1). As shown in Appendix A, this velocity
is tightly linked to the shock and Alfvén velocities, vs and vA,
through shock jump conditions.
The ion-neutral drift speed vd is vd = |vn − vi|, and the neutral
fluid flow time is calculated as (see Eqs. (A.7) and (B.10))
t =
∫ dz
vs − vn · (2)
From the principle of mass conservation, the neutral density, nn,
is given by
nn =
n0vs
vs − vn · (3)
The temperature of the neutral fluid, Tn, is approximated by a
Planck-like function as
Tn = T0 +
[aT (z − z0)]bT
exp [(z − z0)/zT] − 1 (4)
where bT is an integer, and aT and zT are related to the maximum
value of Tn (Tn,max) and the distance zn,max at which Tn reaches
its maximum value. The temperature of the ion fluid is calculated
by using Ti = Tn +
(
m v2d
3 k
)
.
The comparison of the model predictions with observations
(Sects. 5 and 6) requires consideration of the radial velocity of
the preshock gas (ambient cloud gas) relative to the observer, vcl.
This velocity, the radial velocity of the emission measured by the
observer, vLSR, and the velocity of the neutral fluid as measured
in the frame of the ambient medium, vn, are related by
vLSR = vcl + vn. (5)
In Appendix A, we also give the equations for vn, vi, and nn
within the frame of the shock (see Eqs. (A.1) and (A.5)) that will
be used in Sect. 4.1 to validate this parametric approximation.
3. Sputtering of grains
In this section, we describe the sputtering of grains produced by
collisions with H2 and He and other heavy atomic and molecular
species such as C, O, Si, Fe, and CO (see Appendix B for the
full explanation of the method). Although we consider that most
silicon is locke into the olivine grain cores, we assume that a
small fraction of this element is also present within the icy water
mantles (qm = 1.4×10−4; see below). The molecule CH3OH has
been also considered as another constituent of the icy mantles.
3.1. Sputtering of the grain antles
To study the sputtering of the gra n ma tl s, we followe the
procedure described by Caselli et al. (1997). Th sputtering
rate per unit volume and grain (Eq. (B.1) in Appendix B) has
been derived by averaging the sputtering yield at low energies
(Eq. (B.2)) over a velocity-shifted Maxwellian distribution char-
acterise by Tn and vd. The surface binding energy U0 of the
water mantles is 0.53 eV (Tielens et al. 1994). The projectile
masses mp are 2, 4, 12, 16, 28, 56, a d 28 amu for H2, He, C,
O, Si, F , and CO, respectively. The target mass Mt is consid-
ere to be 18 amu, which corresponds to the molecular mass
of H2O. The initial fractional abundances of He, C, O, Si, Fe,
and CO, relative to atomic hydrogen, are shown in Table 1. We
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of SiO from the cores cannot reproduce the lower SiO abun-
dances of ∼10−11 found in the narrow precursor component of
L1448-mm.
Calculations of the sputtering yield of silicon by heavy atoms
like C, O, Si, and Fe on Si 2 and olivine (MgFeSiO4) cores show
that, despite the low relative abundances of thes species with re-
spect to H2 and He in dark clouds, these heavy particles can dom-
inate the sputtering of grains at l w shock velocities (Field et al.
1997; May et al. 2000). Furthermore, abundant molecules like
CO could also play an important role in the sputtering of dust
grains, since these species can sputter like atoms of equivalent
mass for low impact velocities (May et al. 2000). Considering
that silicon could be a minor constituent of the mantles, their
sputtering by these heavy species in low-velocity shocks could
efficiently erode them, generating the SiO abundances observed
for the narrow SiO line emission in L1448-m . Up to now, the
evolution of the sputtering of grai s ha not been studied in de-
tail. The questions of which species are the most efficien put-
tering agents and which timescal s ar needed to eject o t of
the silicon material from grains still remain uncertain.
In this paper, we present a parametric model of C-shocks to
describe in detail the time dependent evolution of the molecu-
lar abundances sputtered from grains in low and high-velocity
shocks. This approximation constitutes a powerful tool for inter-
preting the molecular abundances measured in young molecular
outflows. In addition to H2 and He, heavy atoms and molecules
have been also considered as sputtering agents. In Sect. 2, we
present the approximations used to describe t steady state pro-
file of the physical structure of C-shocks. In Sect. 3, we show
the procedure for determining the sputtering of the grain man-
tles and the grain cores. In Sect. 4, we present the results of the
sputtering of silicon from grains for several initial gas densities
and shock velocities. In Sects. 5 and 6, we comp r the puttered
SiO, CH3OH, and H2O abundan s with those measured in the
L1448-mm outflow. The conclusions are finally summarised in
Sect. 7.
2. The C-shock structure in the preshock fra e
We consider a plane-parallel C-shock th t propagate through
the quiescent gas with velocity vs. As a first approximation, we
have assumed steady state profiles for the evolution of the phys-
ical parameters in the shock. The validity of this approximation,
versus more recent time-dependent modelling of the physical
structure of C-shocks, will be discussed in detail in Sect. 4.1.
The initial H2 density and temperature of the ambient cloud
are n0 and T0, respectively. Since one of the aims of this work
is to directly compare our result with observatio s toward the
young L1448-mm outflow, it is convenient to consider that the
velocities of the ion and neutral fluids, vi and vn, are in the frame
co-moving with the preshock gas. These velocities are approxi-
mated by
vn,i = (vs − v0) − (vs − v0)
cosh
[(z − z0)/zn,i] (1)
where z is the spatial coordinate and the zn/zi ratio governs the
strength of the velocity decoupling between the ion and neutral
fluids. The variable z0 corresponds to the distance at which these
fluids start to decouple (see Sect. 4.1 for details on how to es-
timate these parameters). An additional velocity, v0, also needs
to be considered in the equations for vn and vi to avoid infinite
compression of the far downstream gas (see Eq. (3) below). The
variable v0 depends on the shock parameters and is defined as
the fin l downstream velocity of the ion and neutral fluids in the
shock fram (in the pr shock frame, this final v locity would be
vs − v0; see Sect. 4.1). As shown in Appendix A, this velocity
is tightly linked to the shock and Alfvén velocities, vs and vA,
through shock jump conditions.
Th ion-n utral drift speed vd is vd = |vn − vi|, and the neutral
fluid fl time is calculated as (see Eqs. (A.7) and (B.10))
t =
∫ dz
vs − vn · (2)
From th principle of mass conservation, the neutral de sity, nn,
is given by
nn =
n0vs
vs − vn · (3)
The temperature of the neutral fluid, Tn, is approximated by a
Planck-like function as
Tn = T0 +
[aT (z − z0)]bT
exp [(z − z0)/zT] − 1 (4)
where bT is an integer, and aT and zT are related to the maximum
value of Tn (Tn,max) and the distance zn,max at which Tn reaches
its maximum value. The temperature of the ion fluid is c lculat d
by using Ti = Tn +
(
m v2d
3 k
)
.
The comparison of the model predictions with observations
(Sects. 5 and 6) requires consideration of the radial velocity of
the preshock gas (ambient cloud gas) relative to the observer, vcl.
This velocity, the radial velocity of the emission measured by the
observer, vLSR, and the velocity of the neutral fluid as measured
in the frame of the ambient medium, vn, are related by
vLSR = vcl + vn. (5)
In Appendix A, we also give the equations for vn, vi, and nn
within the frame of the shock (see Eqs. (A.1) and (A.5)) that will
be used in Sect. 4.1 to validate this parametric approximation.
3. Sputtering of grains
In this section, we describe the sputtering of grains produced by
collisions with H2 and He and other heavy atomic and molecular
species such as C, O, Si, Fe, and CO (see Appendix B for the
full explanation of the method). Although we consider that most
silicon is locked into the olivine grain cores, we assume that a
small fraction of this element is also present within the icy water
mantles (qm = 1.4×10−4; see below). The molecule CH3OH has
been also considered as another constituent of the icy mantles.
3.1. Sputtering of the grain mantles
To study the sputtering of the grain mantles, we followed the
procedure described by Caselli et al. (1997). The sputtering
rate per unit volume and grain (Eq. (B.1) in Appendix B) has
been derived by averaging the sputtering yield at low energies
(Eq. (B.2)) over a velocity-shifted Maxwellian distribution char-
acterised by Tn and vd. The surface binding energy U0 of the
water mantles is 0.53 eV (Tielens et al. 1994). The projectile
masses mp are 2, 4, 12, 16, 28, 56, and 28 amu for H2, He, C,
O, Si, Fe, and CO, respectively. The target mass Mt is consid-
ered to be 18 amu, which corresponds to the molecular mass
of H2O. The initial fractional abundances of He, C, O, Si, Fe,
and CO, relative to atomic hydrogen, are shown in Table 1. We
Describing Shocks - Sputtering 
 Sputtering necessary to describe non-thermal desorption 
processes crucial for shock-chemistry"
 Again, following formalism of Jiménez-Serra et al. (2008)"
  Sputtering rate a function of the collisional rate of a given 
gas-phase particle to strike a target and the sputtering yield 
of target by projectile with velocities large enough to cause 
desorption"
  Given surface parameters for each grain species, can 
calculate sputtering rate due to all major gas-phase 
particles, which have been determined by NAUTILUS"
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and the time associated with the neutral fluid or flow time, t, in
the frame of the shock is calculated as
t =
∫ dz
v∗n
· (A.6)
In each plane-parallel slab of material i+ 1 within the shock, the
flow time, ti+1, is calculated by using the trapezoidal method,
ti+1 = ti + (zi+1 − zi)
( f (zi) + f (zi+1)
2
)
, (A.7)
where zi and zi+1 are the spatial coordinates for the slabs of gas i
and i + 1, and f (zi) is defined as (see Eq. (A.6))
f (zi) = 1
v∗n(zi)
· (A.8)
The temperature of the ion and neutral fluids, Ti and Tn, are es-
timated as in Sect. 2.
Appendix B: Sputtering of grains. Silicon, CH3OH,
and H2O fractional abundances
The sputtering of grains has been calculated by considering dif-
ferent sputtering yields for the mantles and for the cores. The
sputtering rate per unit volume for a spherical target of radius a
moving with drift velocity vd through a Maxwellian neutral gas
of temperature Tn is (Eq. (27) in Draine & Salpeter 1979)[
dn(m)
dt
]
grain
= pia2np
(
8kTn
pimp
)1/2
×1
s
∫ ∞
xth
dx x2 1
2
[
e−(x−s)
2 − e−(x+s)2] 〈Y(E)〉θ
(B.1)
where np and mp are the number density and mass of the pro-
jectile, respectively, and s and x are related to vd, Tn and the
projectile impact energy Ep through s2 = mpv
2
d
2kTn and Ep = x
2kTn.
The angle-averaged sputtering yield at low energies 〈Y(E)〉θ
for the mantles can be approximated by 〈Y(E)〉θ≈2Y(E, θ = 0)
(Draine 1995), where the normal-incidence yield Y(E, θ = 0) is
calculated as (Eq. (31); Draine & Salpeter 1979)
Y(E, θ = 0) = A (ε − ε0)
2
1 + (ε/30)4/3 , ε > ε0, (B.2)
where A is a constant (A ≈ 8.3 × 10−4), and ε and ε0 are cal-
culated as ε = ηEp/U0 and ε0 = max[1, 4η]. There, U0 is the
binding energy (per atom or molecule), and η is derived by do-
ing η = 4ξmpMt(mp+Mt)−2, where Mt is the target mass and ξ is
an efficiency factor that varies from 0.8 (for ices) to 1 (for atomic
solids; Draine & Salpeter 1979). The value of xth, which is re-
lated to the threshold impact energy Eth, is finally calculated as
xth =
(
ε0U0
ηkTn
)1/2
.
For the grain cores, we have used the sputtering yield calcu-
lated by May et al. (2000) for the impact of atomic species on
olivine cores. The sputtering yield is derived from
〈Y(E)〉θ = ks exp
[−β/(Ep − Eth)] (B.3)
where ks, β, and Eth (the sputtering threshold energy) are taken
from Table 4 in May et al. (2000). In this case, xth is derived by
doing xth =
(
Eth
kTn
)1/2
.
In each collision between projectile and grain, only a low
fraction of silicon, qm, and CH3OH, rm, will be ejected from the
mantles (qm = 1.4 × 10−4 and rm = 1.4 × 10−2; see Sect. 3.1).
Analogously, only a fraction of silicon, qc, will be released from
the cores (qc = 0.2 for H2 and qc = 1 for the rest of colliding
particles; see Sect. 3.2). If we assume a grain density ng, the total
sputtering rate for H2O, CH3OH and silicon is[
dn(H2O)
dt
]m
tot
= ng
[
dn(H2O)
dt
]m
grain
(B.4)
[
dn(CH3OH)
dt
]m
tot
= ng rm
[
dn(CH3OH)
dt
]m
grain
(B.5)
[
dn(Si)
dt
]m,c
tot
= ng qm,c
[
dn(Si)
dt
]m,c
grain
(B.6)
where m and c denotes the sputtering rate for the mantles and
the cores.
By using Euler’s algorithm, we calculate the total volume
density of H2O, CH3OH, and Si ejected from grains in each
plane-parallel slab of material i within the shock as
n(H2O)i+1 = n(H2O)i + ∆t
[
dn(H2O)
dt
]m
tot,i
(B.7)
n(CH3OH)i+1 = n(CH3OH)i + ∆t
[
dn(CH3OH)
dt
]m
tot,i
(B.8)
n(Si)i+1 = n(S i)i + ∆t
[
dn(Si)
dt
]m,c
tot,i
(B.9)
where ∆t = (ti+1−ti). In this case, the flow time at the slab of ma-
terial i + 1, ti+1, is numerically calculated as in Appendix A (see
Eq. (A.7)), but using the function f (zi) defined as (see Sect. 2)
f (zi) = 1
vs − vn(zi) · (B.10)
The fractional abundance of silicon, H2O, and CH3OH is finally
derived by doing χ(m) = n(m)/n(H2) in each slab of material.
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and the time associated with the neutral fluid or flow time, t, in
the frame of the shock is calculated as
t =
∫ dz
v∗n
· (A.6)
In each plane-parallel slab of material i+ 1 within the shock, the
flow time, ti+1, is calculat d by using the trapezoidal method,
ti+1 = ti + (zi+1 − zi)
( f (zi) + f (zi+1)
2
)
, (A.7)
where zi and zi+1 are the spatial coordinates for the slabs of gas i
and i + 1, and f (zi) is defined as (see Eq. (A.6))
f (zi) = 1
v∗n(zi)
· (A.8)
The temperature of the ion and neutral fluids, Ti and Tn, are es-
timated as in Sect. 2.
Appendix B: Sputtering of grains. Silicon, CH3OH,
and H2O fractional abundances
The sputtering of grains has been calculated by considering dif-
ferent sputtering yields for the mantles and for the cores. The
sputtering rate per unit volume for a spherical target of radius a
moving with drift velocity vd through a Maxwellian neutral gas
of temperature Tn is (Eq. (27) in Draine & Salpeter 1979)[
dn(m)
dt
]
grain
= pia2np
(
8kTn
pimp
)1/2
×1
s
∫ ∞
xth
dx x2 1
2
[
e−(x−s)
2 − e−(x+s)2] 〈Y(E)〉θ
(B.1)
where np and mp are the number density and mass of the pro-
jectile, respectively, and s and x are related to vd, Tn and the
projectile imp ct energy Ep through s2 = mpv
2
d
2kTn and Ep = x
2kTn.
The angle-averaged sputtering yield at low energies 〈Y(E)〉θ
for the mantles can be approximated by 〈Y(E)〉θ≈2Y(E, θ = 0)
(Draine 1995), where the normal-incidence yield Y(E, θ = 0) is
calculated as (Eq. (31); Draine & Salpeter 1979)
Y(E, θ = 0) = A (ε − ε0)
2
1 + (ε/30)4/3 , ε > ε0, (B.2)
where A is a constant (A ≈ 8.3 × 10−4), and ε and ε0 are cal-
culated as ε = ηEp/U0 and ε0 = max[1, 4η]. There, U0 is the
binding energy (per atom or molecule), and η is derived by do-
ing η = 4ξmpMt(mp+Mt)−2, where Mt is the target mass and ξ is
an efficiency factor that varies from 0.8 (for ices) to 1 (for atomic
solids; Draine & Salpeter 1979). The value of xth, which is re-
lated to the threshold impact energy Eth, is finally calculated as
xth =
(
ε0U0
ηkTn
)1/2
.
For the grain cores, we have used the sputtering yield calcu-
lated by May et al. (2000) for the impact of atomic species on
olivine cores. The sputtering yield is derived from
〈Y(E)〉θ = ks exp
[−β/(Ep − Eth)] (B.3)
where ks, β, and Eth (the sputtering threshold energy) are taken
from Table 4 in May et al. (2000). In this case, xth is derived by
doing xth =
(
Eth
kTn
)1/2
.
In each collision between projectile and grain, only a low
fraction of silicon, qm, and CH3OH, rm, will be ejected from the
mantles (qm = 1.4 × 10−4 and rm = 1.4 × 10−2; see Sect. 3.1).
Analogously, only a fraction of silicon, qc, will be released from
the cores (qc = 0.2 for H2 and qc = 1 for the rest of colliding
particles; see Sect. 3.2). If we assume a grain density ng, the total
sputtering rate for H2O, CH3OH and silicon is[
dn(H2O)
dt
]m
tot
= ng
[
dn(H2O)
dt
]m
grain
(B.4)
[
dn(CH3OH)
dt
]m
tot
= ng rm
[
dn(CH3OH)
dt
]m
grain
(B.5)
[
dn(Si)
dt
]m,c
tot
= ng qm,c
[
dn(Si)
dt
]m,c
grain
(B.6)
where m and c denotes the sputtering rate for the mantles and
the cores.
By using Euler’s algorithm, we calculate the total volume
density of H2O, CH3OH, and Si ejected from grains in each
plane-parallel slab of material i within the shock as
n(H2O)i+1 = n(H2O)i + ∆t
[
dn(H2O)
dt
]m
tot,i
(B.7)
n(CH3OH)i+1 = n(CH3OH)i + ∆t
[
dn(CH3OH)
dt
]m
tot,i
(B.8)
n(Si)i+1 = n(S i)i + ∆t
[
dn(Si)
dt
]m,c
tot,i
(B.9)
where ∆t = (ti+1−ti). In this case, the flow time at the slab of ma-
terial i + 1, ti+1, is numerically calculated as in Appendix A (see
Eq. (A.7)), but using the function f (zi) defined as (see Sect. 2)
f (zi) = 1
vs − vn(zi) · (B.10)
The fractional abundance of silicon, H2O, and CH3OH is finally
derived by doing χ(m) = n(m)/n(H2) in each slab of material.
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and the time associated with the neutral fluid or flow time, t, in
the frame of the shock is calculated as
t =
∫ dz
v∗n
· (A.6)
In each plane-parallel slab of material i+ 1 within the shock, the
flow time, ti+1, is calculated by using the trapezoidal method,
ti+1 = ti + (zi+1 − zi)
( f (zi) + f (zi+1)
2
)
, (A.7)
where zi and zi+1 are the spatial coordinates for the slabs of gas i
and i + 1, and f (zi) is defined as (see Eq. (A.6))
f (zi) = 1
v∗n(zi)
· (A.8)
The temperature of the ion and neutral fluid , Ti and Tn, are es-
timated as in Sect. 2.
Appendix B: Sputtering of grains. Silicon, CH3OH,
and H2O fractional abundances
The sputtering of grains has been calculated by considering dif-
ferent sputtering yields for the mantles and for the cores. The
sputtering rate per unit volume for a spherical target of radius a
moving with drift velocity vd through a Maxwellian neutral gas
of temperature Tn i (Eq. (27) in Draine & Salpeter 1979)[
dn(m)
dt
]
grain
= pia2np
(
8kTn
pimp
)1/2
×1
s
∫ ∞
xth
dx x2 1
2
[
e−(x−s)
2 − −(x+s)2] 〈Y(E)〉θ
(B.1)
where np and mp are the number density and mass of the pro-
jectile, respectively, and s and x are related to vd, Tn and the
projectile impact energy Ep through s2 = mpv
2
d
2kTn and Ep = x
2kTn.
The angle-averaged sputtering yield at low energies 〈Y(E)〉θ
for the mantles can be approximated by 〈Y(E)〉θ≈2Y(E, θ = 0)
(Draine 1995), where the normal-incidence yield Y(E, θ = 0) is
calculated as (Eq. (31); Draine & Salpeter 1979)
Y(E, θ = 0) = A (ε − ε0)
2
1 + (ε/30)4/3 , ε > ε0, (B.2)
where A is a constant (A ≈ 8.3 × 10−4), and ε and ε0 are cal-
culated as ε = ηEp/U0 and ε0 = max[1, 4η]. There, U0 is the
binding energy (per atom or molecule), and η is derived by do-
ing η = 4ξmpMt(mp+Mt)−2, where Mt is the target mass and ξ is
an efficiency factor that varies from 0.8 (for ices) to 1 (for atomic
solids; Draine & Salpeter 1979). The value of xth, which is re-
lated to the threshold impact energy Eth, is finally calculated as
xth =
(
ε0U0
ηkTn
)1/2
.
For the grain cores, we have used the sputtering yield calcu-
lated by May et al. (2000) for the impact of atomic species on
olivine cores. The sputtering yield is derived from
〈Y(E)〉θ = ks exp
[−β/(Ep − Eth)] (B.3)
where ks, β, and Eth (the sputtering threshold energy) are taken
from Table 4 in May et al. (2000). In this case, xth is derived by
doing xth =
(
Eth
kTn
)1/2
.
In each collision between projectile and grain, only a low
fraction of silicon, qm, and CH3OH, rm, will be ejected from the
mantles (qm = 1.4 × 10−4 and rm = 1.4 × 10−2; see Sect. 3.1).
Analogously, only a fraction of silicon, qc, will be released from
the cores (qc = 0.2 for H2 and qc = 1 for the rest of colliding
particles; see Sect. 3.2). If we assume a grain density ng, the total
sputtering rate for H2O, CH3OH and silicon is[
dn(H2O)
dt
]m
tot
= ng
[
dn(H2O)
dt
]m
grain
(B.4)
[
dn(CH3OH)
dt
]m
tot
= ng rm
[
dn(CH3OH)
dt
]m
grain
(B.5)
[
dn(Si)
dt
]m,c
tot
= ng qm,c
[
dn(Si)
dt
]m,c
grain
(B.6)
where m and c denotes the sputtering rate for the mantles and
the cores.
By using Euler’s algorithm, we calculate the total volume
density of H2O, CH3OH, and Si ejected from grains in each
plane-parallel slab of material i within the shock as
n(H2O)i+1 = n(H2O)i + ∆t
[
dn(H2O)
dt
]m
tot,i
(B.7)
n(CH3OH)i+1 = n(CH3OH)i + ∆t
[
dn(CH3OH)
dt
]m
tot,i
(B.8)
n(Si)i+1 = n(S i)i + ∆t
[
dn(Si)
dt
]m,c
tot,i
(B.9)
where ∆t = (ti+1−ti). In this case, the flow time at the slab of ma-
terial i + 1, ti+1, is numerically calculated as in Appendix A (see
Eq. (A.7)), but using the function f (zi) defined as (see Sect. 2)
f (zi) = 1
vs − vn(zi) · (B.10)
The fractional abundance of silicon, H2O, and CH3OH is finally
derived by doing χ(m) = n(m)/n(H2) in each slab of material.
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Dust Heating 
 Dust temperature evolution is crucial for understanding 
the post-shock environment to understand rate of 
reproduction of ice mantles"
 Dust temperature throughout the shock: (Aota et al. 2015)"
  Heating = collisional heating from gas particles"
  Cooling = thermal radiation "
Andrew Burkhardt ISMS 2016 
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and θ (0→ pi ). It is straightforward to derive the mean velocity∫
dx x2
(
8mgasTgas
pikbol
)1/2 1
2s
(e−(x−s)2 − e−(x+s)2 ),
where x and s are defined as x = v/√2 kbolTgas/mgas and
s = V/√2 kbolTgas/mgas.
APPENDIX B
DUST TEMPERATURE
We consider a spherical dust grain with radius adust moving
with velocity v relative to the gas of mass mp and number density
ngas. When the dust collides with a gas particle, the kinetic
energy of the gas particle (1/2)mpv2 is given to the dust grain.
The collision frequency of a dust particle with gas particles is
pia2dustvngas. The dust cooling rate by thermal radiation per unit
surface area is #σSBT 4dust. We assume that the dust is in thermal
equilibrium; the heating rate is qual to the cool ng rate
pia2dustvngas
(
1
2
mpv
2
)
= 4pia2dust#σSBT 4dust.
We adopt # ∼ 10−6 T 2 for a grain with adust = 0.1µm (Draine
& Lee 1984; Tielens 2005). For simplicity, we assume that all
of the gas particles are hydrogen molecules (H2), which means
mp = 3.34 × 10−24 g and ngas = nH2 . It is straightforward to
derive
Tdust ∼ 14
( v
1 km s−1
)0.5 ( nH2
106 cm−3
)1/6
[K].
We can see that it is difficult to raise the dust temperature in
the shock wave when the number density of gas is low; i.e.,
nH2 % 106 cm−3.
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and θ (0→ pi ). It is straightforward to derive the mean velocity∫
dx x2
(
8mgasTgas
pikbol
)1/2 1
2s
(e−(x−s)2 − e−(x+s)2 ),
where x and s are defined as x = v/√2 kbolTgas/mgas and
s = V/√2 kbolTgas/mgas.
APPENDIX B
DUST TEMPERATURE
We consider a spherical dust grain with radius adust moving
with velocity v r lative t the gas of mass mp and number den ity
ngas. When the dust collides with a gas particle, the kinetic
energy of the gas particle (1/2)mpv2 is given to the dust grain.
The collision frequency of a dust particle with gas particles is
pia2dustvngas. The dust cooling rate by thermal radiation per unit
surface area is #σSBT 4dust. We assume that the dust is in thermal
equilibrium; the heating rate is equal to the cooling rate
pia2dustvngas
(
1
2
mpv
2
)
= 4pia2dust#σSBT 4dust.
We adopt # ∼ 10−6 T 2 for a rain with adust = 0.1µm (Draine
& Lee 1984; Tielens 2005). For simplicity, we assume that all
of the gas particles are hydrogen molecules (H2), which means
mp = 3.34 × 10−24 g and ngas = nH2 . It is straightforward to
derive
Tdust ∼ 14
( v
1 km s−1
)0.5 ( nH2
106 cm−3
)1/6
[K].
We can see that it is difficult to raise the dust temperature in
the shock wave when the number density of gas is low; i.e.,
nH2 % 106 cm−3.
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